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Abstract. Terrestrial planets and the cores of giant planets are thought to be built
by the collisional agglomeration of solids spanning over 20 orders of magnitude in size
within a few million years. However, there is tension between this basic picture of
planet formation and standard theoretical assumptions associated with the migration of
“pebbles" (∼mm/cm-sized particles) in gas-rich disks and the presumably much longer
timescales necessary to assemble (∼km-scale) “planetesimals". To confront these po-
tential theoretical discrepancies with observational constraints, the ideal tracer of the
solids concentrated in protoplanetary disk substructures is the 30−100 GHz continuum,
which strikes the best balance in sensitivity (emission still bright), optical depth (low
enough to reliably estimate densities), and angular resolution (high enough to resolve
fine-scale features at disk radii as small as 1 au). With its combination of sensitivity,
frequency coverage, and angular resolution, the next-generation VLA will be the only
facility that has the capabilities to open up this new window into physics of planetesimal
formation.
1. Introduction
In the “core accretion" paradigm for planet formation, terrestrial planets and giant
planet cores are created by the sequential collisional agglomeration of solids over ∼20
orders of magnitude in size within a few million years (e.g., Pollack et al. 1996; Ray-
mond et al. 2014). Early in that process, the standard theoretical assumptions introduce
two fundamental obstacles to that growth. The first is related to the migration of “peb-
bles" (∼mm/cm-sized particles): as these solids decouple from the gas disk, they mi-
grate faster than they can collide and grow (Takeuchi & Lin 2002; Brauer et al. 2007).
The second is that the timescales for assembling (∼km-scale) “planetesimals" is too
long, given the migration and destructive impacts of their precursors (e.g., Johansen et
al. 2014). The potential solution to both issues is to locally concentrate pebbles in the
disk (Whipple 1972; Pinilla et al. 2012), halting their migration and slowing their rela-
tive velocities to promote rapid growth (e.g., Chiang & Youdin 2010). The requirement
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Figure 1. Examples of substructures in the ∼1 mm continuum emission from
nearby protoplanetary disks at scales of ∼10–20 au, from the ALMA interferome-
ter. Clockwise from top left: the V883 Ori (Cieza et al. 2016), Elias 27 (Pérez et al.
2016), HD 169142 (Fedele et al. 2017), HD 97804 (van der Plas et al. 2017), HD
163296 (Isella et al. 2016), and AA Tau (Loomis et al. 2017) disks.
to facilitate such concentrations is a gas pressure profile that is not smooth or mono-
tonic, but rather has local maxima induced by abrupt variations in disk properties (e.g.,
Dzyurkevich et al. 2010; Stammler et al. 2017), dynamical effects (e.g., Baruteau et al.
2014), or fluid instabilities (e.g., Zhu et al. 2014; Flock et al. 2015).
The optimal way to directly test this hypothesis is to search for and characterize
local concentrations of pebbles in protoplanetary disks. These particles emit a thermal
continuum at wavelengths roughly comparable to their sizes (i.e., radio to microwave
frequencies, ∼10–1000 GHz); the detailed spatial distribution of this continuum emis-
sion in nearby disks can be resolved with an interferometer. If the optical depth of this
emission is low, the spectrum provides constraints on the temperatures, densities, and
size distribution of the constituent solids in any accessible disk region. Variations in
the particle concentrations on small spatial scales would be manifested as substructures
in the microwave continuum surface brightness morphology. The properties of those
substructures provide crucial information on the mechanisms that create them and their
potential for driving rapid, localized planetesimal formation.
In the past few years, the ALMA interferometer has found that such substruc-
tures on scales of .10–20 au (70–150 mas) are common, and perhaps ubiquitous (e.g.,
Zhang et al. 2016). Usually they are manifested as concentric bands or narrow rings
of emission separated by pronounced depletions, or “gaps" (Isella et al. 2016; Cieza et
al. 2016, 2017; Loomis et al. 2017; van der Plas et al. 2017; Cox et al. 2017; Fedele et
al. 2017, 2018; Dipierro et al. 2018), although at least one disk has a spiral emission
pattern (Pérez et al. 2016). Figure 1 shows a gallery of representative ALMA contin-
uum images of disk substructures. In the two specific cases of the HL Tau and TW
Hya disks, ALMA data reveal ring+gap features at even finer scales, down to (and pre-
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Figure 2. A more detailed look at ALMA observations of the HL Tau (top) and
TW Hya (bottom) disks, based on the analyses of ALMA Partnership et al. (2015)
and Huang et al. (2018). The left panels show 290 GHz continuum images. The
right panels feature the azimuthally-average radial Tb (top) and α (340–230 GHz)
profiles. The corresponding beam profiles are shown in gray. Local Tb depletions
are accompanied by α enhancements. The high Tb values and low α values in the
emission bands / rings are suggestive of high optical depths at these frequencies.
sumably beyond) the ∼20 mas (3 and 1 au, respectively) resolution limit of the longest
ALMA baseline configuration (ALMA Partnership et al. 2015; Andrews et al. 2016).
2. The Role of the ngVLA
While these ALMA discoveries have rightly ushered in a major shift in the field, they
also reveal two crucial, but subtle, problems related to the interpretation of disk sub-
structures. First, the emission substructures that have so far been observed at very high
resolution appear to be largely optically thick at frequencies higher than ∼200 GHz.
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Figure 3. A comparison of the ALMA 230 GHz (left; ALMA Partnership et al.
2015) and VLA 43 GHz (right; Carrasco-González et al. 2016) continuum images
for the HL Tau disk. At the lower frequency of the VLA data, the emission prefer-
entially tracers structures in the inner disk but the observations are very expensive
and only possible for the very brightest targets (and are still limited in resolution).
The ngVLA will make substantially improved measurements for a large population
of disks routine. (credit: C. Carrasco-Gonzalez / Bill Saxton / NRAO / AUI / NSF)
And second, the ring or gap features often remain unresolved (or nearly so) even for
the longest ALMA baselines (scales .20 mas). Both of these issues are illustrated in
Figure 2, which shows synthesized images along with azimuthally-averaged brightness
temperature (Tb) and spectral index (α) profiles for the HL Tau (top) and TW Hya
(bottom) disks for the continuum emission around 290 GHz (ALMA Partnership et al.
2015; Huang et al. 2018; see also Tsukagoshi et al. 2016). Note that the scales of the
substructures are comparable to the resolutions in the Tb profiles, and also that the Tb
values are similar to the expected dust temperatures at the locations where the spectral
indices are near the Rayleigh-Jeans value, as would be expected for high optical depths
(α ≈ 2). If this behavior ends up being common in the broader disk population, then
high frequency continuum measurements will only be able to offer relatively weak lim-
its on the densities and particle size distributions in these substructures. Moreover, all
but the strongest features in the innermost disk (.10 au) will be inaccessible at ALMA
frequencies, due to both very high optical depths and limited angular resolution.
The solution to these potential problems is to instead probe these continuum sub-
structures at lower frequencies (.100 GHz), where the optical depths are correspond-
ingly lower (a linear frequency scaling for the optical depth, τν ∝ ν, is reasonable;
e.g., see Ricci et al. 2010). The current VLA is too limited in sensitivity and angular
resolution to optimally perform in this area, but nevertheless has produced some early
results that demonstrate feasibility for the brightest available targets (e.g., Isella et al.
2014; Marino et al. 2015; Macías et al. 2016, 2017). Figure 3 illustrates perhaps the
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best example, for the HL Tau disk (Carrasco-González et al. 2016). Perhaps the most
compelling result from these forays are the hints of substructure asymmetries that are
not visible at higher frequencies due to their high optical depths.
Real progress in this line of inquiry into planetesimal formation will require the
sensitivity and resolution capabilities only available with the proposed ngVLA facility.
The ideal tracer of the solids concentrated in protoplanetary disk substructures is the
30–100 GHz continuum, which strikes the best balance in sensitivity (emission still
bright), optical depth (low enough to reliably estimate densities), and angular resolution
(high enough to resolve fine-scale features at disk radii as small as ∼1 au). A modest
survey could be used to understand the underlying physical mechanisms that control
the prevalence, forms, scales, amplitudes, spacings, and symmetry of disk substructures
and their presumably crucial roles in the planet formation process.
3. Benchmarks for Measuring Disk Substructures
The experiment design principle most relevant for probing disk substructures is ulti-
mately related to the feasibility of detecting a microwave continuum brightness tem-
perature contrast for a given perturbation in the local surface density of solids (or, more
precisely, the associated optical depth). There is a bewildering array of potential forms
for such perturbations – ranging from simple rings and gaps, to spirals, to azimuthally
asymmetric features like vortices, and perhaps even stochastically-distributed pockets
of material – depending on the various physical mechanism(s) responsible for modify-
ing the gas pressure gradient. Aside from theoretical ideas and the preliminary work
being done with ALMA, we simply do not yet know the diversity of these forms in
the general disk population. So, to simplify a discussion of the tractability of studying
these features, specifying the morphology is less important than the locations, spatial
scales, and amplitudes of the associated particle concentrations.
The baseline temperatures Td and optical depths τν, and thereby brightness tem-
peratures Tb(ν), should typically be higher in the inner disk (closer to the host star).
As some fiducial reference points to illustrate feasibility, we consider hypothetical sub-
structures at radii of 5 and 40 au in a disk model orbiting a ∼1 M host star at an age of
1 Myr (with a corresponding L∗ ≈ 2 L). We assume that the baseline 230 GHz contin-
uum optical depths are 10 and 1 at these locations, based roughly on models of the HL
Tau and TW Hya ALMA studies referenced in the previous section, and that the optical
depth spectra vary like τν ∝ νβ with β ≈ 1. Given a simple model of the stellar irradi-
ation, we expect temperatures of Td ≈ 75 and 25 K at 5 and 40 au, respectively. These
basic properties also set the expected scale of local perturbations, thought to be tied to
the gas pressure scale height Hp = cs/Ω, the ratio of the sound speed to the Keplerian
orbital frequency. At 5 and 40 au in this reference model, Hp ≈ 0.3 and 2.5 au (i.e., the
aspect ratio is Hp/r ≈ 0.06). Presuming a Gaussian perturbation and a typical distance
for nearby protoplanetary disks of 140 pc, we will consider substructures with FWHM
sizes of 3Hp at 5 au (∼10 mas), and ∼Hp at 40 au (∼40 mas), respectively.
With these assumptions and some measured or expected sensitivity and resolution
metrics, we can then calculate the minimum detectable (at a given signal-to-noise ratio,
SNR) fractional optical depth perturbation for a given integration time (tint). Presum-
ing the local particle opacity does not also change (which is not necessarily the case),
there is a one-to-one correspondance between optical depth and surface density pertur-
bations. Because the base optical depths at these locations and frequencies span around
6 S. M. Andrews, et al.
0.1 1 10 100
integration time / hr
0.0
0.2
0.4
0.6
0.8
1.0
m
in
im
um
 ∆
τ  
(S
NR
 =
 5
)
ngVLA 93 GHz
ngVLA 41 GHz
5 au
0.1 1 10 100
integration time / hr
0.0
0.2
0.4
0.6
0.8
1.0
m
in
im
um
 ∆
τ  
(S
NR
 =
 5
)
ALMA
230 GHz
40 au
Figure 4. Illustrative examples of the minimum optical depth (fractional) contrast
that can be detected at 5σ in a given integration time, for fiducial disk substructures
at 5 (left) and 40 au (right). Solid curves are for τν depletions; dotted curves are for
enhancements. The blue, green, and red curves are for ALMA 230 GHz, ngVLA
93 GHz, and ngVLA 41 GHz, respectively. See the text for a detailed discussion.
unity, there is some nuance in the meaning of ‘fractional optical depth perturbation’
depending on whether we are considering an enhancement, τ′ν = τν(1 + ∆τν), or a de-
pletion, τ′ν = τν(1−∆τν): we will illustrate both scenarios for clarity. However, in either
case, we can quantify the sensitivity by first calculating a generic
SNRν =
1
σν
( tint
2
)1/2 ∣∣∣ Td (1 − e−τν) − Td (1 − e−τ′ν) ∣∣∣ , (1)
where σν is the RMS noise level for a given beam area (in Tb units), as a function of
∆τν and t. From that, we can then identify the smallest fractional optical depth contrast
(i.e., the minimum ∆τν) that could be detected with a specific SNR threshold for a given
integration time tint. Considering ALMA observations at 230 GHz (Band 6) and ngVLA
measurements at 93 (W-band) and 41 GHz (Q/Ka-band), we collect estimates of σν for
FWHM beam diameters of 10 and 40 mas from the ALMA sensitivity calculator1 and
the metrics discussion in ngVLA Memo 172. Figure 3 shows the 5σ (SNR = 5) optical
depth “contrast curves" for the 5 and 40 au reference substructures. The solid and dotted
curves show the cases of optical depth depletion and enhancement, respectively.
These contrast curves in Figure 3 are only illustrative examples, but they demon-
strate the general feasibility of ngVLA observations that should play substantial roles in
the study of protoplanetary disk substructures. As an approximate point of reference,
gas density (thereby pressure) perturbations of ∼20% induced by interactions with a
∼0.1 Mjup planet (Fung et al. 2014), MHD zonal flows (Simon & Armitage 2014), or
weak vortices (Goodman et al. 1987) are expected to be sufficient to trap particles in
a nominal disk. Moreover, the corresponding perturbations in the local surface density
of disk solids could be considerably amplified relative to the modulations in the gas
densities (e.g., Paardekooper & Mellema 2006; Pinilla et al. 2012).
1https://almascience.eso.org/proposing/sensitivity-calculator
2http://library.nrao.edu/public/memos/ngvla/NGVLA_17.pdf
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At intermediate disk radii (∼tens of au; e.g., the right panel of Fig. 3), where
optical depths and temperatures are low but substructures should be relatively larger,
there are opportunities for synergy with high frequency measurements from ALMA at
matching angular resolution. For substructures at these distances from the host star,
even relatively modest optical depth contrasts could be detected and resolved in a rea-
sonable ngVLA observing time down to frequencies of ∼30 GHz. For optically thicker
(or warmer) cases, it would be possible to push down to 10 GHz, and thereby more
directly probe concentrations of the largest accesible particle sizes (∼few cm).
The real benefit of the ngVLA is more apparent at small disk radii (inside ∼10 au;
e.g., the left panel of Fig. 3), where optical depths and temperatures are higher and
substructures should be smaller. There, the combination of long baselines and low
frequencies offered by the ngVLA provide unique access to inner disk substructures on
the smallest spatial scales. For example, ∼20% density depletions at 5 au are accessible
at ∼30–100 GHz in ∼10–30 hours of ngVLA integration, suitable for detecting the gaps
in the local distribution of solids that are dynamically carved by young, super-Earth
planets (e.g., Ricci et al. 2018). At the higher frequencies probed by ALMA, even
relatively large density contrasts could remain hidden for even large integration times
if the background optical depths are too high. Moreover, beam dilution due to limited
baseline lengths creates an additional ALMA barrier; in short, there is good reason that
no 230 GHz contrast curve is shown in the left panel of Figure 3.
4. Quantifying Substructures
The detectability of disk substructures is obviously fundamental, but it is not the sole
value of ngVLA in this scientific context. Resolved wideband continuum measure-
ments in the 30–100 GHz range permit more robust estimates of small-scale spatial
variations in the continuum optical depth and spectral morphology (e.g., within and
between the ∼20 GHz-wide high-frequency ngVLA receiver bands), which in turn can
provide strong constraints on the amplitude and shape of the particle size distribution
and density perturbation of individual substructures. The spatial morphology of the
spectrum across such a feature could reveal new insights on the hydrodynamical nature
of particle traps: for example, various vortex models make different predictions about
where and how strongly particles of different sizes are concentrated with respect to the
local gas pressure maximum (e.g., Baruteau & Zhu 2016; Sierra et al. 2017). The spec-
tral dependence of the brightness temperature perturbation from a substructure is itself
sensitive to the underlying particle density contrast: if high concentrations of “pebbles"
can be inferred, we could rule on the likelihood that fast-acting mechanisms (e.g., the
streaming instability; Youdin & Goodman 2005) are indeed the dominant pathways for
the formation of planetesimals. In all of these aspects, the ngVLA will be an indispens-
able and ground-breaking tool for these lines of work.
Finally, the unique ability of the ngVLA to probe substructure asymmetries at
small disk radii creates some new opportunities in the time-domain. Long-term moni-
toring observations would be of extraordinarily high value for any inner disk substruc-
tures with a clear azimuthal asymmetry. The motions of such features compared to
their expected Keplerian orbital rates can help illuminate the natures of the underlying
source of the pressure maximum responsible for the particle trap. As a reference point,
a Keplerian orbital displacement of a full 10 mas beam would take ∼6 months for a
structure at a radius of 5 au in a disk orbiting a solar-mass host.
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5. Conclusions
The characterization of small-scale substructures in the spatial distributions of proto-
planetary disk solids is the most pressing issue at the forefront of observational planet
formation research. The new capabilities in high resolution wideband radio continuum
imaging promised by the ngVLA will enable rapid progress in the field, delivering new
insights on the particle size distributions in local concentrations of solids and offer-
ing unique access to the smallest substructure features at the locations where terrestrial
planets (and most giant planets) are expected to form. In doing so, the ngVLA measure-
ments have some natural synergy with ALMA data at higher frequencies, facilitating
more robust constraints on particle size distributions and better links with resolved trac-
ers of the molecular gas. Moreover, ngVLA observations of inner disk substructures
will prove to be an important complement for tracers of inner disk material probed
with the JWST, offering a structural template upon which to interpret those spatially
unresolved infrared continuum and molecular spectra data. Overall, the ngVLA should
prove to be a crucial tool for better understanding the complex metamorphosis of cir-
cumstellar disks into young planetary systems.
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